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Abstract

In this paper the Network Simulation Method (NSM) is proposed as a tool for solving the transverse-
motion of thin beams resulting from a bending action. The reliability and robustness of the proposed
technique is demonstrated with two examples, in which a pinned—pinned beam and a clamped-mass load
beam are, respectively, submitted to different flexural forces. The NSM is a numerical technique for the
solution of linear and non-linear problems, which are defined by a mathematical model.

Assuming that the electrical variables of voltage and current are equivalent, respectively, to the
displacement and the spatial variation of the displacement, a network model for each volume element is
designed such that electrical equations are formally equivalent to the spatial discretised equations of the
mechanical model. The whole network model, including the devices associated with the boundary
conditions, is solved by the numerical computer code PSPICE.

The numerical results have been compared with those obtained by the mode-superposition method: the
agreement between them is impressive. The temporal behaviour of each quantity involved in the problem is
obtained without transform complications, since the whole study has been conducted in the time-domain,
with the possibility of obtaining the corresponding spectral content at the end of calculation. The main
contribution of the present paper, therefore, is to employ the NSM numerical method in order to arrive at
solutions, in the time-domain, of dynamic mechanical problems. One must also emphasize that NSM has
not previously been used by other authors to solve physical problems like the ones presented here.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

In medical science, material science, engineering or information technology industries, we often
need to know the dynamic behaviour of beams submitted to different boundary conditions
(as a means, for example, of preventing local deformation, fracture or damage in structures).

The vibration of beams with a variety of boundary conditions has in the last three decades been
thoroughly investigated, in both breadth and detail. The normal mode superposition technique is
probably the most popular, in which the beam displacement is expressed as a linear combination
of eigenfunctions or mode shapes [1-6]. However, we cannot avoid referring other important
methods that deal with this kind of problem; we refer here to transform methods such as, among
others, the finite Fourier transform [7], the Laplace transform [8—10] or combinations of both of
them [11], the finite-difference method [12-16], the Galerkin method [17,18], and the transfer-
matrix method [19,20].

In this paper, an approach called the Network Simulation Method (NSM) is proposed as a
means of solving the transverse motion of beams resulting from a bending action. The aim of this
work is to introduce this method to these kinds of physical problem and demonstrate its reliability
and robustness using two examples, in which a pinned—pinned and a clamped-mass load beam
are, respectively, submitted to different forces.

The NSM is a numerical technique used to solve linear and non-linear problems, which are
defined by a mathematical model. The method has been applied to electrode processes [21,22],
membrane processes [23] and heat-transfer processes [24]. Only the spatial variable is discretised
and the resulting differential equation, with time as a continuous variable, is used to design the
network model. Assuming that the electrical variables of voltage and current are, respectively,
equivalent to the displacement and to the spatial variation of the displacement, a network-
model for each volume eclement is designed, in such a way that its electrical equations are
formally equivalent to the spatial discretised equation. The whole network-model, including the
devices associated with the boundary conditions, is solved by the numerical computer code
PSPICE [25].

There are other methods that make use of the analogy between equations and the behaviour of
waves and electrical circuits, to study wave-propagation in fluids and solids. Two of the more
significant are the Transmission Line Method (TLM) [26,27] and the Digital Waveguide Network
(DWN) [28]. Both methods use electrical circuits in the establishment of the guidelines to the
techniques. The main differences between these methods and NSM are thus: in TLM and DWN it
is necessary to divide the region of interest into a rectangular mesh of transmission lines, where
nodes are points of discontinuity for impedance, in this way filling the domain with scattering
nodes or junctions. These junctions act as power-conserving signal-processing blocks, and are
then linked by transmission-lines. These transmission-lines work with distributed circuit elements.
By direct contrast, the circuit elements in NSM are concentrated.

In this paper, the theoretical Euler—Bernoulli model is used for the transverse vibration of
beams [1], and the general solution obtained by mode-superposition analysis is compared here
with the simulated solution by NSM, to prove the usefulness of this technique in vibration
problems. The additional advantage, in the study of such problems, is the obtaining of important
quantities, not only in the frequency-domain but in the time domain as well. The main
contribution of the present paper, therefore, is the use of the NSM numerical method to find
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solutions in the time-domain of dynamic mechanical problems like the ones proposed here. In our
opinion, the advantages of this method are as follows:

e [ts ability, in comparison with other methods, to work in the time-domain with an acceptable
computational cost.

e The direct relationship in our mechanical problem between the electrical and physical variables,
the latter of which can therefore be easily identified. The vertical displacement, for example, is
represented by the voltage; the shear force by the current; and the bending-moment in a circuit
model can easily be represented by the second derivative of the voltage.

e The relative simplicity of programming the method using the commercial PSPICE programme,
and the fact that time-solution can be performed by this programme as well. The PSPICE is
now highly developed, and can thus be used to deduce the dynamic behaviour of the system
directly from the graph without having to deal explicitly with the differential equations.

® The method is not limited by the complexity of the system’s processes, and allows extremely
complicated mathemetical problems to be solved by an efficient graphical method at a very
reasonable cost.

As for the disadvantages of this numerical method, they occurred to us as follows:

® The programmer must be well acquainted with the conventional circuit theory. If not, it will be
difficult accurately to write down the circuits simulating the mechanical problem.

® The inherent limitations of the PSPICE programme, both in terms of time discretization and
frequency.

2. The mathematical model

The problem considered is the transversal vibration of an uniform elastic beam of finite length
L, originally at rest, with classical boundary-conditions at x*=0 and L, the Euler—Bernoulli
model has been selected to study it [1].

Denoting y* as the displacement or deflection in the beam, in which x* represents the position
and #* the time, the familiar governing equation of the beam is [1]:

Aty ) 1Ty, 1) 0 |

Ox*4 a2 7 M

where a is a parameter that depends on the physical characteristics of the beam, a*= EI/(pS), E

being the Young modulus, / the area inertia moment, p the density, and S the cross-sectional area
of the beam.

Sundry boundary conditions have been simulated with NSM, with good results, but two
particular cases are presented here: a beam both in pinned—pinned and clamped-mass load
boundary conditions, with both in forced vibration situations, such as a pulse and a harmonic
force applied to any point of the beam.

For the case in which a pinned—pinned beam is considered, the boundary conditions are given by

yH(0,r) = y*(L,1") =0, 2
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O°y*(0,r") _ OyH(L,1*)

Ox*2 - Ox*2 =0. (3)
For a clamped-mass load, the boundary conditions are
o) I (V0
0. =200 @
X
O’y (L, 1)
o 0 ©

OyH(L, 1) YL, 1)
Ox*3 =m or2 ’
where m is the mass of the load at x*=L.
As mentioned above, two different types of force are used in this paper. First, a step-pulse
F(x*,t*) is applied at the point xy*

F(x*, 1) = 6(x* — xp)H(* — 1), (7)
where d(x*) is the Dirac delta function and H(¢*) is the Heaviside function. As a second case, it
has been considered that a harmonic force is applied at the point x(*

F(x*, 1) = 6(x* — x3) sin (w);t"), ®)
where o is the frequency of the applied force.

Once the mechanical mathematical model with boundary conditions has been established, we
will consider the problem of obtaining the network model for the situations described here.

ET

(6)

3. Network model

The network-model can be considered as another representation of the physical process. As it is
outlined below, the network is equivalent to the differential equation of motion, except for the
approximations it is necessary to make.

The equation of the motion of the flexural vibrations of a beam, in the Euler—Bernoulli model,
is the transversal wave equation given by Eq. (1). It is convenient to write down this equation in a
dimensionless form, so that the obtained results can be more general and useful. If L is the length
of the beam, the dimensionless variables are defined as

x=x*/L, y=y"/L, t=at'/l* o,=L0"/a )
Thus, the transversal wave equation (1) becomes

64y 62y
—+—==0. 10
ox*  0r (10)
The NSM works with two variables, a scalar-variable that is treated as a voltage, and a
vectorial-variable that is treated as a current. In this case, it is possible to choose the scalar-
variable as the vertical displacement. However, as this method has not been applied in previous
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work to these kinds of partial differential equation, it is not clear which vectorial-variable can be
considered to be the current. In previous applications of the NSM to other physical processes, the
current has always been connected with (0y/0x), but there are no physical quantities related to it
here. The important quantities of the flexural vibrations, apart from the vertical displacement, are
the bending moment and the shear force, which are connected, respectively, with the second and
third spatial derivative of the displacement. We have found that the application of the NSM to the
transversal vibrations of a beam requires the definition of the current as the third spatial
derivative of the displacement, so that it can be related with the shear force. Thus, the current is
defined as

63
X3

<

(11)

With this definition of the current, the transversal wave equation given by Eq. (10) can be
written in the following form:

J

(@)

9 oy

—+—=5=0. 12

x| o (12)
This is a partial differential equation with two variables, y and j. With a spatial discretization of
the dimensionless beam in N cells of length Ax=1/N, this partial differential equation can be
transformed into a system of connected differential equations, given by

Jit+A ]1—A+< yl) =0; i=1,2,...,N, (13)

Ax ds?

where j;+a 1s the current to the right of the cell 7, j,_A is the current to the left of it, and y; is the
vertical displacement in the middle of cell i. This is the governing equation of the vertical
displacement in this cell.

Operating on Eq. (13), it becomes

. . d*y,;
Jign —Ji—a T+ Ax< dtJ;> =0. (14)

In this equation there are two currents, j;;+ o and j;_a, and a third term which can be treated as a
current too. It can be more clearly understood with the following definition of j,;:

. dzyi
Jyi = Ax(dt2 ) (15)

Eq. (14) is then transformed into

Jiea _ji+A _jyi =0. (16)
Therefore, the governing equation of the cell i can be represented as the balance of the currents
that enter and leave the cell. It can be demonstrated that j,_a = ji—1)+a and jita = ji+1)—a- Thus,
adjacent cells are connected by these currents: this fact is shown by Fig. 1. Taking this result into

account, Eq. (16) is represented by the circuit in Fig. 2. This figure shows the balance of currents
for cell i, but the values are not yet known. Thus, auxiliary circuits are necessary to obtain
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Ji-1+a ji-n jita i+
—»

I

Cell i-1 Cell i Cell i+1

Fig. 1. Scheme of cells and currents.
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Fig. 2. Basic cell of the network model without auxiliary circuits.
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Fig. 3. Auxiliary circuits of the basic cell to obtain j,; of Fig. 2.

numerical values for those currents. These auxiliary circuits are specific for each current, and are
the circuit representation of the mathematical expression of the currents.

Fig. 3 shows two auxiliary currents needed to model the current j,; defined by the Eq. (15). In
the second of them (Fig. 3b) there is a current source whose value is j.; and an inductor L. Taking
into account the circuit theory, the following equation can be written for this circuit:

dj,,

VU=L£$ (17)

In particular, by making the value of V', equal to the current value j,; (i.e. Vi = j,;), we find that
. dji

Ju=1L d;l . (18)

On the other hand, in Fig. 3a there is a circuit with a voltage source whose value is y; (the vertical
displacement in cell /) and a capacitor C, in which the current must be equal to j; (the current in
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Fig. 4. Auxiliary circuits to obtain j;_, and j;, , of Fig. 2.
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Fig. 5. Basic cell with all auxiliary circuits.

the circuit of Fig. 3b). If we use the circuit theory, we have it thus:

. dy, | dig _ .4
=C— <=C—=. 19
Jei i~ dr ds (19
Taking account of Egs. (18) and (19), the following relationship between y; and j,; is found:
. dzyi
Jyi=LC a2 (20)

This, by choosing LC = Ax, is exactly equivalent to Eq. (15). We can thus obtain the current j,;
through the auxiliary circuits in Fig. 3, with LC = Ax being the equivalent of the electrical
components (L and () with the system parameter Ax. If we use Eq. (1) instead of the
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dimensionless equation (10) in the design of the network model, LC has to be equal to a°Ax, these
circuit parameters being related to the physical characteristics of the beam.

The auxiliary circuits that provide the currents j;+ o are shown in Fig. 4. These circuits are based
on the following finite-difference approximation:

63_y o Yiesa = 3Viea + 3Viea = Vicaa @1
ox? A '
All these circuits (Figs. 2—4) form the basic cell in th e network-model for the flexural vibrations
of a beam, as can be seen in Fig. 5. The complete network model is formed by the connection of N
of these basic cells and the incorporation of the boundary conditions at each end of the network.

4. Boundary conditions

The selection of the boundary-conditions has been carried out by designing a circuit that
produces the same effect on the network-model as that which the boundary conditions produce on
the vibrating beam. Thus it is necessary to implement a circuit with the same mathematical
expression as the boundary end condition. The circuits of the ends of the network model, for the
two cases considered in this paper, are developed in this section.

4.1. Pinned-pinned beam

The end conditions of a simply supported beam, expressed with dimensionless variables, are
given by

10,0 =y(1,0) =0, (22)

o), = (62)
— == =0. (23)
<6x2 0,¢ ox? 1t

The first condition is implemented in the network model by earthing the nodes i=0, N,
corresponding to x =0, 1. The second condition can be incorporated by approximating the spatial
second derivative using the finite-difference

Oy Vi = 20+ Vi

— = = 24

0x? Ax? (24)
and adapting the first and last basic cells to this relationship between the variables, as shown in
Fig. 6.

4.2. Clamped-mass load beam

The end conditions for this case are

Clamped: (0,7 = <2_x> =0, (25)
0.t
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Fig. 6. Complete network model of the pinned—pinned beam.
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where m,=m/M is a parameter dependent on the ratio between the attached mass m and the mass
of the beam M. The clamped conditions are implemented by earthing the node i = N and
approximating the spatial first derivative using its finite differences:

W\ _ Vier = Vi1
() =" @
The first condition, (26), of the mass-load-end is again approximated using its finite-differences.
However, to incorporate the second condition, (27), it is necessary to implement a current source
controlled by an auxiliary circuit (Fig. 7), where C,,L,,=m,. The current j,, can be considered
equivalent to the inertial force applied to the beam by the tip-mass, while the auxiliary circuits
determining it are equivalent to the acceleration of the mass-load (Fig. 7).

2
Mass load: (6 y> =0, (26)
|

5. Simulation and results
5.1. Pinned-pinned beam

In the case of a pinned—pinned beam, the transversal wave equation can be solved theoretically,
using the eigenfunctions of this kind of beam. It can thus be used to test the effectiveness of
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Fig. 7. Complete network model of the clamped-mass load beam.

applying NSM to this problem. In order to check it more efficiently, the application of two
different forces has been considered: a step-pulse and a harmonic force. The application of the
step pulse in two different positions of the beam has been considered as well. Thus, the flexural
vibration of a pinned—pinned beam has been simulated in three different situations: when the
step-pulse is applied in the middle of the beam (x=1/2); when it is applied at x=1/3; and when a
harmonic force of frequency f=m= is applied to the middle of the beam. The choice of this
frequency for the harmonic force is due to the fact that the eigenfrequencies of the pinned
beam are f,= n’m /2, n=1, 2, 3,...etc. Hence, in our case the first eigenfrequency is 7/2 and
the second is 2. The frequency of the harmonic force is therefore of the same order as the
eigenfrequencies of the beam. As demonstrated in Section 2, the step-pulse has the form given
in Eq. (7). For this particular case, we have that r=0.05 and x=0.5 or 0.33. The period of the
first eigenfrequency is ¢t =0.64. By comparing it with the duration of the step-pulse, it is possible
to obtain a difference of one order of magnitude. Thus, F(x,f) can be considered as an
impulsive pulse.

In all the cases the values of the circuit parameters are conditioned by N. Choosing N =150, we
find that C=L=0.08165 and R=0.0005443. With these respective values for the parameters, the
two simulations have been conducted. Fig. 8 shows the comparison between the simulation results
for the vertical displacement and analytical solution when the step-pulse is applied at the mid-
point of the beam: we can see here that the theoretical and simulation results are almost identical.
Fig. 9 shows the comparison between the bending moment obtained from simulation work and
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Fig. 8. Comparison between the simulation results and the analytical solution along the beam for displacement in 1= 1,
when the step pulse is applied at x=0.5. —— Simulation results; --- --- --- Analytical solution.
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Fig. 9. Comparison between the simulation results and the analytical solution at x=0.2 for bending moment, when the
step pulse is applied at x=0.33. —— Simulation results; -+ -+ -+ Analytical solution.

the analytical one versus time at x =0.2 when the step-pulse is applied at x=0.33. In this case the
motion is complicated but with a cyclical form, and the simulation gives results very similar to the
analytical ones.

The harmonic force is given by Eq. (8), where the parameter values are x,=0.5 and o, = 27°.
Figs. 10 and 11 show, respectively, the comparison between the vertical displacement and the
shear force, these data being obtained from the simulation and analytical work at two points of
the beam, when the excitation is the harmonic force. It is therefore possible to conclude that the
NSM works successfully in both of the simulated cases. An error diagram is shown in Fig. 12 for
the discrepancy between the simulation results, for the displacement at x =0.2, with the excitation
a harmonic force. It can be seen that most of the time the margin of error is very slight, and
invariably less than 1%. For the sake of brevity, we have only included one error diagram:
however, the same was true for all the simulated cases.
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Fig. 10. Comparison between the simulation results for the displacement and the analytical solution at x=0.2, when
the harmonic force (w, = 2n?) is applied at x,=0.5. —— Simulation results; --- --- --- Analytical solution.
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Fig. 11. Comparison between the simulation results for the shear force and the analytical solution at x=0.8, when the
harmonic force (w, = 2n?) is applied at x,=0.5. —— Simulation results; -+ - - Analytical solution.

5.2. Clamped-mass load beam

Consider now a beam clamped at x=0 with a concentrated mass at the abscissa x=1. Once
again, two different types of excitation-force have been applied to the beam. First to be carried
out was the study of the beam with a pulse applied to its mid-point, to assess the behaviour of
some of the system’s major quantities, like displacement or shear force. Next, a case was
conducted in which a beam was excited by means of a harmonic force.

In neither situation it is possible to obtain analytical solutions by the mode superposition
method [29]. Therefore, in the present section of this paper, only results of simulations using NSM
are presented, with the exception of a comparison of the natural frequencies obtained with other
methods.

First, we considered a step-pulse applied in the middle of the beam. The parameter values
were the same as in Section 5.1. Fig. 13 shows different aspects of the response of the beam to the
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Fig. 12. Relative error of the simulation results for the displacement at x=0.2 shown in Fig. 10.

step-pulse. In Fig. 13a, the vertical displacement of the mass load is given versus time. It consists
of a cyclical movement formed basically by the first two eigenfrequencies of the beam. In Fig. 13b,
the shear force is presented at a point near where the step-pulse is applied. As this step-pulse is
very short, the variations of the shear force are extremely fast, and high frequencies appear (much
higher than those corresponding to the displacement). We therefore have two variables of the
same physical process that fluctuate in a very different way (one of them changing must faster
than the other); the NSM, moreover, can handle them at the same time. In Fig. 13c, the variation
of the vertical displacement is shown against position at several points. Needless to say, given that
the boundary conditions at each end are different, it can be noted that the movement is not
symmetrical. The curve at the left end shows the features of a fixed end, with its displacement and
slope at zero, while at the right end, although the displacement and slope are not fixed, there is in
that zone no curvature. The boundary conditions are, thus, well modelled by NSM. It may be
noted that the maximum displacement is not fixed at any particular position—indeed, it changes
for each time and can be positioned anywhere between the left-hand end and the middle of the
beam, or between the middle and the right-hand end. Its behaviour is not, therefore, as simple as
when the pulse is applied at x=0.5 in the pinned—pinned beam, which always has the maximum
displacement at its mid-point. Finally, in Fig. 13d, where the variation of the shear force is shown
versus position at several times (the same ones as in Fig. 13c), it can be observed that this
variation has no regular form and that the waveform changes at each time. This is due to the fact
that the variation with time is very complex, and that the load mass produces a shear force at
x=1, making the distribution of force neither simple nor symmetrical.

The only theoretical information that we have for this case on the solution of the transversal
wave equation is constituted by the natural wave numbers, which are given by the roots of the
following equation [30]:

[1 +cos (B,)cosh (B,)] = mq B, [sin(B,)cosh(B,) — cos(p,)sinh (B,)], (29)

where 5, = (wn)l/ 2 is the dimensionless wave number and w, is the dimensionless radial natural
frequency. To ensure that the network model used to simulate the behaviour of this beam is
correct and appropriate, the roots of Eq. (29) have been compared in Table 1 with the wave
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Fig. 13. Response of the clamped-mass load beam to the application of the step pulse at x=0.5. (a) Vertical
displacement of the mass load. (b) Shear force at x=0.503. (c) Vertical displacement along the beam in several times.
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Table 1

force along the beam in several times.

Comparison between the transversal wave numbers obtained from the Fourier Transform of the simulation and the
analytical ones

Frequency (dimensionless)  Wave number from Theoretical wave number Relative error (%)
simulation (dimensionless)  (dimensionless)
0.24 1.24 1.25 0.78
2.69 4.11 4.03 1.99
8.05 7.11 7.13 0.31
16.85 10.29 10.26 0.32
28.56 13.40 13.39 0.06
43.21 16.48 16.52 0.28

numbers obtained from the Fourier Transform of the simulated vertical displacement, when
the step-pulse is applied. This comparison demonstrates that the wave numbers from the
simulation are very similar to the roots of Eq. (29); it can therefore be concluded that the network
model is correct.
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Fig. 14. Response of the clamped-mass load beam to the application of the harmonic force at x=0.5. (a) Vertical
displacement in the middle of the beam. (b) Shear force of the mass load. (c) Vertical displacement along the beam in
several times. (d) Shear force along the beam in several times.

Finally, there are the results when a harmonic force is applied. In Fig. 14 there are several
graphs with different aspects of the response of the clamped-mass load beam to a harmonic force
of frequency w, = 2n°. In Fig. 14a the vertical displacement is presented in the position where the
force is applied, and it is not a simple harmonic movement. In Fig. 14c we have the variation of
the displacement versus the position at several times. It can be seen that the wave shapes are
similar to those of Fig. 13c, due to the fact that because the force is applied in the same position,
the same normal modes are excited. The shear force at the right-hand end of the beam produced
by the load-mass can be seen in Fig. 14b. It is a smooth curve (compared with Fig. 13b) similar to
Fig. 14a, which is clearly made up of the overlapping of a few harmonic functions whose
frequencies are the lower natural frequencies of the beam, together with the excitation frequency.
Finally, Fig. 14d shows the variation of the shear force with the position at different times. The
main characteristic here is the discontinuity at x=0.5 due to the application at this point of the
harmonic force (a localised force applied to the beam produces a discontinuity of the shear force).
The form of the shear force is similar to that which appears in other kinds of beam (for example,
the pinned—pinned beam) when a harmonic force is applied in the mid-point, including the area of
discontinuity. In other cases the shear force at x=0.5 is zero, while in this beam its value is not
fixed and changes with time; equally, the distribution of force is, obviously, not symmetrical.
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6. Conclusions

In this paper, the Network Simulation Method (NSM) has been used to solve the transverse
motion of thin beams originated in a bending action. It has been demonstrated to give efficient
and accurate solutions with several boundary conditions. The numerical results have been
compared with those obtained by analytical methods, and the agreement is impressive.

An exclusive reliance on the frequency domain is not convenient because frequency techniques
are generally less flexible than time techniques; it is, however, also true that many problems are
much more easily dealt with in the frequency domain. In this work, the temporal behaviour of
each quantity involved has been obtained without transform complications, because the whole
study has been carried out in the time-domain, with the possibility of arriving at each spectral
dependence at the end of the calculation. This is one of NSM’s main advantages.
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